ABSTRACT We investigated the attractiveness of a synthetic form of the pheromone of the soybean stink bug, Piezodorus hybneri (Gmelin), under Þeld conditions, and compared it with that of (E)-2-hexenyl (E)-2-hexenoate, a pheromone component of a competitor, Riptortus pedestris (Fabricius). Many adult stink bugs were attracted to traps baited with 100 mg of the synthetic pheromone (1: 1: one mixture of ␤-sesquiphellandrene, (R)-15-hexadecanolide, and methyl (Z)-8-hexadecenoate), but few were attracted to 1 or 10 mg. More than twice as many females as males were attracted to this male-produced pheromone. None of the individual pheromone components (30 mg) attracted conspeciÞcs. In summer (JuneÐJuly), when Þeld P. hybneri were not in diapause, (E)-2-hexenyl (E)-2-hexenoate was more attractive to P. hybneri than the synthetic pheromone. The sex ratio of the adults attracted to the synthetic pheromone was highly female-biased, yet almost equal numbers of both sexes were attracted to (E)-2-hexenyl (E)-2-hexenoate. Most females attracted to both attractants were mated and had mature ovaries. However, adults attracted to (E)-2-hexenyl (E)-2-hexenoate were likely to have less food in their stomach than those attracted to the synthetic pheromone. In late autumn (OctoberÐNovember), when the bugs were in reproductive diapause, both attractants attracted many sexually immature female and male adults that had well-developed fat body. The synthetic pheromone also attracted a large number of conspeciÞc nymphs. These results suggest that P. hybneri pheromone and R. pedestris pheromone component, respectively, have different functions for P. hybneri. The male-produced pheromone system of P. hybneri seems to be sex-related but to have other roles.
True bugs (Heteroptera) often cause serious damage to soybean, Glycine max (L.) Merr., throughout the world. In southern Japan, a soybean bug complex threatens soybean production (Kono 1991 , Wada et al. 2006 . The major species of this complex are the bean bug, Riptortus pedestris (Fabricius) (ϭR. clavatus; see Kikuhara 2005 ) (Alydidae), and the stink bug, Piezodorus hybneri (Gmelin) (Pentatomidae) (Wada et al. 2006) . It is sometimes difÞcult to control these bugs with chemical pesticides alone because the bugs are strong ßiers that can migrate from Þeld to Þeld (Natuhara 1983 , Higuchi 1992 . Pheromones play an important role in the management and control of insect pests. In some true bug species, pheromones can be used in monitoring the density (McBrien et al. 1994 , Aldrich et al. 2009 ), for reducing pest density by mating disruption (McBrien et al. 1997 , Kakizaki 2004 , and even for disseminating entomopathogenic fungi from traps baited with pheromone attractants (Tsutsumi et al. 2003) . Insect pheromones are increasing in importance for the management and control of true bug species (e.g., Cullen and Zalom 2005, Tillman et al. 2010) .
The aggregation pheromone of R. pedestris has been identiÞed (Leal et al. 1995) , and a synthetic form is now commercially available from Fuji Flavor Co., Ltd. (Hamura, Tokyo) and continuous research for the population monitoring has been carried out (Mizutani et al. 2002; Tabuchi et al. 2005 Tabuchi et al. , 2006 . Endo et al. (2003 Endo et al. ( , 2006a showed that the synthetic R. pedestris pheromone attracts not only conspeciÞcs, but also P. hybneri, which is attracted to the (E)-2-hexenyl (E)-2-hexenoate component. This interspeciÞc cross-attraction is thought to be related to food searching behavior rather than reproductive behavior, because Ͼ95% of attracted females were already mated, and nymphs and diapausing adults were also attracted (Endo et al. 2006b ).
The male-produced pheromone of P. hybneri has been identiÞed as a mixture of ␤-sesquiphellandrene, (R)-15-hexadecanolide, and methyl (Z)-8-hexadecenoate (Leal et al. 1998) . Its effects seem to be related to sexual behavior, because males produce the pheromone only after sexual maturity, and no pheromone components were detected in diapausing males (Endo et al. 2007 ). Higuchi (1999) reported that live males attracted not only conspeciÞc females, but also males, and Leal et al. (1998) showed that the synthetic pheromone stimulates both sexes under laboratory conditions. Thus, the functions of the P. hybneri pheromone remain unclear.
Because females of Nezara viridula (Linnaeus) and Biprorulus bibax Breddin (Pentatomidae), in reproductive diapause did not respond to synthetic pheromones, the pheromones of these bugs are considered to be involved in reproductive behavior (Brennan et al. 1977 , James et al. 1994 . If the function of P. hybneri pheromone is similar, adults in reproductive diapause would lose their attraction to the pheromone source.
Although the pheromone components of P. hybneri have been identiÞed and their functions are known, the attractiveness of the synthetic pheromone has not yet been examined under Þeld conditions. The objectives of the current study were thus (1) to evaluate the attractiveness of the synthetic P. hybneri pheromone to conspeciÞcs in the Þeld, and (2) to compare the attractiveness of the P. hybneri pheromone with (E)-2-hexenyl (E)-2-hexenoate. Finally, we discuss the biological functions of these attractants.
Materials and Methods
Chemicals. (E)-2-Hexenyl (E)-2-hexenoate was synthesized as described previously (Leal et al. 1995) . (Ϯ)-␤-Sesquiphellandrene, (Ϯ)-15-hexadecanolide, and methyl (Z)-8-hexadecenoate were also synthesized as described previously (Leal et al. 1998 ). Because (R)-15-hexadecanolide is the active conÞgura-tion (Leal et al. 1998 ), (S) -stereoisomer was neither a beneÞcial nor a behavioral antagonist (Leal et al. 1998) , we used the racemic mixture instead of the pure (R)-enantiomer.
Synthetic chemicals, incorporated into plastic pellets (4 Ð5 mm in diameter, containing 1 or 5 mg of chemical) made of a polyethylene and ethyl acetate copolymer (Fuji Flavor Co., Ltd.), were used as baits. The amount of bait was adjusted by the number of pellets used.
Field Experiment 1. A Þeld experiment to evaluate the attractiveness of the synthetic P. hybneri pheromone was conducted from 4 July to 4 August 2006 (summer) in a soybean Þeld of the National Agricultural Research Center for Kyushu Okinawa Region (KONARC, 32Њ52Ј5" N, 130Њ44Ј2" E), Kumamoto, Japan. The experiment was started when plants were at the beginning pod stage (R3) and ended at the full seed stage (R6; Fehr et al. 1971) . Synthetic P. hybneri pheromone (1: 1: one mixture of ␤-sesquiphellandrene, (Ϯ)-15-hexadecanolide, and methyl (Z)-8-hexadecenoate), incorporated into plastic pellets (1 mg/ pellet), were used as bait in traps. Traps contained 0, 1, 10, or 100 mg of pheromone. A plastic bottle (4 ϫ 3.3 cm internal diameter [i.d.] ) with plastic pellets was hung from wire, and its base was placed Ϸ15 cm above the water surface of a water-pan trap (16 ϫ 35 cm) containing 6 liter of water. Two sets of eight traps were spaced 15 m apart and placed randomly around the soybean Þeld and replaced every 3 d (Total 64 replicates). The numbers of adults and nymphs of P. hybneri captured in traps were counted every day. Pheromone pellets were renewed every 10 d.
Field Experiment 2. A Þeld experiment to compare the attractiveness of each pheromone component and (E)-2-hexenyl (E)-2-hexenoate was conducted from 22 August to 3 October 2006 (summer) in a KONARC soybean Þeld. The experiment was started when plants were at the beginning bloom stage (R1) and ended at the full seed stage (R6). The details were the same as in experiment 1 except for the baits: ␤-sesquiphellandrene, (Ϯ)-15-hexadecanolide, methyl (Z)-8-hexadecenoate, (E)-2-hexenyl (E)-2-hexenoate (each 30 mg), and an empty trap.
Field Experiment 3. A Þeld experiment to compare the attractiveness of the synthetic P. hybneri pheromone and (E)-2-hexenyl (E)-2-hexenoate was conducted from 5 June to 1 July 2006 (summer) in a KONARC soybean Þeld. The experiment was started when plants were at the vegetative stage and ended at the full seed stage (R6). Synthetic P. hybneri pheromone and (E)-2-hexenyl (E)-2-hexenoate (each 30 mg) were used as bait in the traps. The details were the same as in experiment 1.
Field Experiment 4. A Þeld experiment to test the attractiveness of the synthetic pheromone to adults in reproductive diapause was conducted from 20 October to 8 November 2006 (autumn) in a KONARC soybean Þeld. The experiment was started when plants were at the beginning maturity stage (R7) and ended at the full maturity stage (R8). The details were the same as in experiment 3.
Physiological Condition of Attracted Adults. In experiments 3 and 4, males and females were dissected and examined under a stereo microscope. Fat body development was classiÞed as well developed (ϩϩ), partially developed (ϩ), or undeveloped (Ð). The stomach was classiÞed as expanded with food (ϩϩ), containing food but not expanded (ϩ), or empty (Ð). In males, the development of the ectodermal accessory gland (EAG) was checked as an index of male sexual maturity or diapause status (see Endo et al. 2007) . EAG development was classiÞed as well developed (Ͼ2.5 mm; ϩϩ), partially developed (1.0 Ð2.5 mm; ϩ), or undeveloped (Ͻ1.0 mm; Ð). In females, ovarian development and mating status were checked. Ovaries were classiÞed as developed (one or more developed oocytes in ovariole; ϩϩ), undeveloped (undeveloped oocyte(s) in ovariole; ϩ), or immature (no oocytes in ovariole; Ð). Mating status was classiÞed as mated or unmated by sperm found in the spermatheca.
Data Analysis. Field capture data were analyzed by SteelÐDwass test for nonparametric multiple comparisons. Sex ratios of adults attracted to each bait were analyzed by 2 test. Differences in mating status or physiological condition between baits were compared by Fisher exact test or MannÐWhitney U test (exact test).
Results
Dose-Related Attractiveness of Synthetic P. hybneri Pheromone. Synthetic P. hybneri pheromone trapped conspeciÞc adults (1 mg; one male and two females, 10 mg; Þve males and two females, 100 mg; seven males and 15 females, control; one male and one female; Fig.  1 ). The most adults were caught in traps baited with the highest dose (100 mg). Numbers of females increased with dose. SigniÞcantly more females were attracted to 100 mg than to any other dose (P Ͻ 0.05). Numbers of males also increased with dose.
Comparison of Attractiveness Between P. hybneri Pheromone Components and (E)-2-hexenyl (E)-2-hexenoate.
A few bugs were caught in the traps baited with each of the P. hybneri pheromone components in summer (30 mg each), but these values were not signiÞcantly different from the control ( Table 1) . The trap baited with (E)-2-hexenyl (E)-2-hexenoate attracted signiÞcantly more P. hybneri than the other treatments (P Ͻ 0.05).
(E)-2-Hexenyl (E)-2-hexenoate (30 mg) was attractive to both sexes of P. hybneri adults in summer (Table 2) . Synthetic pheromone (30 mg) as well as (E)-2-hexenyl (E)-2-hexenoate attracted P. hybneri females. The sex ratio of adults attracted to the P. hybneri pheromone was highly female-biased ( 2 ϭ 10.28; df ϭ 1, P ϭ 0.001), but almost equal numbers of males and females were attracted to (E)-2-hexenyl (E)-2-hexenoate.
SigniÞcantly more adults of both sexes were attracted to the synthetic pheromone and (E)-2-hexenyl (E)-2-hexenoate than to the control trap in autumn (Table 3) . Adults trapped with the synthetic pheromone did not show a female-biased sex ratio ( 2 ϭ 0.31; df ϭ 1, P ϭ 0.578). More males were attracted to (E)-2-hexenyl (E)-2-hexenoate than females ( 2 ϭ 4.90; df ϭ 1; P ϭ 0.027). During the experiment, nine nymphs were caught in the traps baited with the synthetic pheromone, and eight nymphs were caught with (E)-2-hexenyl (E)-2-hexenoate.
Physiological Condition of Attracted Adults. Most of the males attracted to (E)-2-hexenyl (E)-2-hexenoate in summer had little or no food in their stomachs, but there was no clear tendency in either fat-body or EAG development (Table 4 ). In autumn, signiÞcantly more males attracted to the synthetic pheromone had expanded stomachs than those attracted to (E)-2-hexenyl (E)-2-hexenoate (Z ϭ 2.03, P ϭ 0.046, MannÐ Whitney U test). Regardless of bait, most males attracted in autumn had well developed fat body and immature EAGs, and thus were likely to be in reproductive diapause (see Endo et al. 2007 ).
The physiological condition of females attracted to traps baited with different treatments were almost the same in summer; most were mated and had mature ovaries (Table 5 ). In autumn, fat-body and ovarian development were not different between females caught in traps using different baits. However, the stomach in females attracted to (E)-2-hexenyl (E)-2-hexenoate were signiÞcantly smaller than in females attracted to the synthetic pheromone (Z ϭ 2.48; P ϭ 0.014; MannÐWhitney U test). Almost all females attracted in autumn had immature ovaries and were unmated, and thus were likely to be in reproductive diapause.
Discussion
The synthetic P. hybneri pheromone attracted many conspeciÞc females but fewer males ( Fig. 1; Table 2 ). However, Higuchi (1999) reported that live P. hybneri males attracted not only females but also male adults, and Leal et al. (1998) reported that the synthetic pheromone stimulated males in laboratory bioassays. Thus, it is likely that the adult males responded to the synthetic pheromone, though less strongly.
Through the experiments, pheromone trap catches were very low, with the mean number of bugs being caught per trap per day usually being less than one. Higuchi (1999) investigated the attractiveness of the live P. hybneri males to conspeciÞcs, and 30 males caged baits trapped only 0.74 males and 1.47 females per 3 d using the same type water-pan traps. It means even the live P. hybneri males attracted conspeciÞcs less than one bug per day, indicating the male produced chemicals itself show low attractivity in this species.
The P. hybneri pheromone is thought to have a sex-related function. Endo et al. (2007) showed that P. hybneri males produced pheromone components simultaneously with the development of sexual maturity and that males in reproductive diapause did not produce the pheromone. The fact that the sex ratio of P. hybneri adults attracted to the synthetic pheromone was highly female-biased outside the diapause period suggests again that the male pheromone has a role in sexual behavior. In addition, the pheromone system of the closely related neotropical redbanded stink bug, Piezodorus guildinii (Westwood), was recently reported, and ␤-sesquiphellandrene was again identiÞed as a component (Borges et al. 2007 ). This component was considered to be a sex pheromone because sexually mature males produced it, and only females responded to it (Borges et al. 2007 ).
Our results suggest that the P. hybneri pheromone has another function besides its reproduction-related function. Unexpectedly, both sexes of P. hybneri adults were attracted to the synthetic pheromone in late autumn (Table 3) , when they were likely to be in reproductive diapause (Tables 4 and 5 ). In addition, nymphs were also attracted to the P. hybneri pheromone (Table 3) . These results suggest that the pheromone system of P. hybneri has functions other than in reproductive behavior. However, because diapausing males do not produce pheromones (Endo et al. 2007) , adults in reproductive diapause may have little chance to encounter the pheromone in natural conditions. Further studies will be necessary to understand the ecological signiÞcance of the attractiveness to diapausing adults and nymphs.
Unnaturally high doses of the synthetic pheromone (30 or 100 mg) were required to conÞrm its attractiveness to P. hybneri. A sexually mature male possesses Ϸ10 g of the pheromone (Endo et al. 2007) . Though the release rate of the pheromone from the baits is unknown, the baits contained simply 3,000 Ð 10,000-fold more than an individual male. Synthetic pheromones show low attractiveness to many phytophagous stink bug species in Þeld conditions (Ho and Millar 2001, Millar 2005) . Reports have noted that stink bugs were frequently attracted near traps but not into them (Aldrich et al. 1991 , Sugie et al. 1996 . In an extreme case, no spined citrus bugs, Biprorulus bibax Breddin, were caught in pheromone-baited traps placed in citrus trees, but large numbers were attracted to trees with traps (James et al. 1996) . Another possible explanation for this weak attraction is the signiÞcance of nonchemical cues in stink bug communication. In particular, vibrational signals have been demonstrated to be important in communication by a number of phytophagous pentatomid bug species, including the genus Piezodorus (Borges et al. 1987 , Č okl and Virant-Doberlet 2003 , Miklas et al. 2003 , Moraes et al. 2005 . Therefore, in P. hybneri, vibrational signals might play an important role in intraspeciÞc communication at a short range. Our results suggest that the P. hybneri pheromone and (E)-2-hexenyl (E)-2-hexenoate, a pheromone component of R. pedestris, have different effects on P. hybneri. We consider that the attraction of P. hybneri to (E)-2-hexenyl (E)-2-hexenoate is related to hostsearching behavior. Endo et al. (2006a) showed that nymphs and diapaused adults of P. hybneri were also attracted to synthetic R. pedestris pheromone. In addition, adults of both sexes were equally attracted to (E)-2-hexenyl (E)-2-hexenoate (Table 2) , and these adults had less food in their stomachs than those attracted to the P. hybneri pheromone (Tables 4 and 5) . Recently, similar cross-attraction scenarios among heteropteran bugs have been reported. The brown marmorated stink bug, Halyomorpha halys (Stål), and the polished green stink bug, Glaucias subpunctatus (Walker), were shown to be attracted to methyl (E,E,Z)-2,4,6-decatrienoate, the aggregation pheromone of the brown-winged green bug, Plautia crossota stali Scott, in Japan (Tada et al. 2001 , Adachi et al. 2007 . Attraction of H. halys to the P. c. stali pheromone compound has been veriÞed in its newly invasive area in North America (Aldrich et al. 2007 (Aldrich et al. , 2009 Khrimian et al. 2008; Tillman et al. 2010) . Unexpectedly, the native North American green stink bug, Acrosternum hilare (Say), was also found to be attracted to this compound (Aldrich et al. 2007 (Aldrich et al. , 2009 . With regard to this cross-attraction for the P. c. stali pheromone, it has been speculated that the attracted species exploit the pheromone as a kairomone to Þnd host plants (Aldrich et al. 2007 , Funayama 2008 or to congregate as a passive defense against tachinid parasitism (Aldrich et al. 2007) .
Pheromonal cross-attraction in true bugs may have evolved in connection with their food searching behavior. Although P. hybneri is attracted to the R. pedestris pheromone, the opposite is not the case. This asymmetry may be attributed to the difference in biological properties of the pheromones of the two species. Many researchers have demonstrated that a major role of the R. pedestris pheromone is exploitation of food, because of the facts that only males with an adequate food supply release the pheromone and attract conspeciÞcs (Leal et al. 1995 , Morishima et al. 2005 , and that second instar nymphs, which start feeding after hatching, are especially attracted to the pheromone (Leal et al. 1995) . In addition, most of the adults attracted to the live males had little or no food in their stomachs (Mizutani et al. 2008) . However, the pheromone of P. hybneri does not appear to have a food-searching function, because far fewer bugs with empty stomachs were caught in the pheromone traps, compared with traps baited with the R. pedestris pheromone component (Tables 4 and 5 ). As we have discussed in this paper, and also in Endo et al. (2007) , one of the major roles of the P. hybneri pheromone is related sexual function. A similar example can be found in the eavesdropping pheromone of P. c. stali, which attracts conspeciÞc nymphs as well as adults (Moriya and Shiga 1984, Moriya 1995) and has been suggested to have a role in food exploitation (Moriya and Shiga 1984, Shiga and Moriya 1989) . Pheromones closely related to food are likely to become targets for other species. Although the reason is unknown, the difference in the functions of pheromone for each bug species may cause asymmetric cross-attraction. 
